The mechanisms activated in response to an acute tissue injury involve the release of cytokines and stress hormones that mediate a cascade of coordinated changes in the functioning of several organ systems. Processes activated at the site of injury lead to the re lease of vasodilatators, derangement of hemodynamic equilibria, and reduction of the plasma volume (Cotran and Remensnyder 1968 , Sevitt 1949 , Wilhelm and Ma son 1960 . These changes initiate the systemic reaction manifested in a burst of processes, the most prominent of which are degradation of the skeletal muscle protein (the largest protein pool, containing 40% of the total body protein mass) (Wannemacher 1977 ) and synthesis of acute-phase proteins (APP) in the liver. A functional link between the two processes is generally believed to exist but has not been experimentally documented. The reasons are mainly related to the phenomenon of an excessive urinary excretion of muscle-derived nitro gen following trauma (Crane et al. 1977 , Cuthbertson 1972 , Grossman et al. 1945 , O'Keefe et al. 1974 , Rennie 1985 , Threfall et al. 1981 , ZÃ¼nicand Savie 1985 , ZÃ¼nic et al. 1981 ; this phenomenon has directed studies of the acute phase-induced changes in muscle protein turnover (Essen et al. 1993 , MacLennan et al. 1987 , Newman et al. 1982 , Odessy et al. 1983 , Rennie 1985 , Rennie et al. 1986 , Tischler and Fagan 1983 and membrane transpon system (Brough et al. 1986 , Rennie et al. 1986 ) toward an understanding of the processes leading to a negative nitrogen balance, rather than to APP synthesis. Arguments for a strong link between the degradation of muscle protein and APP synthesis were recently presented by Reeds et al. (1994) . These authors calculated the difference between the quantity of each amino acid that would have been incorporated into the APP mixture and the quantity of muscle protein that would have to be mobilized to sup ply each amino acid. Their results indicated that the total nitrogen contained in amino acids remaining after the demands of APP synthesis had been satisfied is close to the daily loss of body nitrogen following trauma. The conclusions of Reeds et al. (1994) are con sistent with experimental data that indicate a func tional link between muscle protein degradation and APP synthesis. These data were obtained from experi ments addressing the acute phase-induced changes in plasma volume (Savie 1987 , Sevaljevic et al. 1989 , rate of APP synthesis (Sevaljevic et al. 1988 and and levels of free amino acid pools in the muscle, plasma (Zunic 1989 ) and liver (Sevaljevic et al. 1991) . All of these previous experiments were conducted in accor dance with NIH guidelines.
In the present article, we argue for the existence of a link between the protein pool of uninjured skeletal muscle and APP synthesis by examining the experi mental data indicating that APP synthesis is influenced by changes in the muscle and plasma amino acid pools, which in turn depend on the extent of the reduction in the plasma volume following trauma. The postulated influence of plasma volume on protein turnover in skeletal muscle and liver is consistent with the postu lated "second messenger" role of the cellular hydration state in the control of protein synthesis in muscle and liver cells . The data discussed here are from previously published experiments in which the survival rates of rats exposed to lethal scald ing (infliction of a second 20% scald 4 h after the first one) or bilateral tourniquet trauma (LD50/48 h, 128-min ischemie period with 50% mortality during the first 48 h) were increased to 100% by administration of saline, i.e., by treatment of hypovolemia (Savie 1987, 1To whom correspondence should be addressed. Sevaljevic et al. (1989) . statistical^significant relative to the control level Savie and Pantelic 1983 , Sevaljevic et al. 1989 , Zunic 1989 Zunic and Savie 1993) . In the rats exposed to a sublethal 20% scald or bilateral tourniquet trauma, the total plasma volume fell during the first hours from 7.70 and 7.32 mL to 4.00 and 3.76 mL, respectively (Table 1) . Bilateral tourniquet trauma was associated with edema formation at the site of injury and lower SEVALfEVIC AND ZUNIC
TABLE2
Differences in the concentrations of arterial plasma amino acids in rats exposed to bilateral tourniquet trauma1'2 2 Values are means Â±SEM,n = 6 per group. The rats were exposed to bilateral tourniquet trauma (LDso/48 h): A, injured rats untreated with saline,-B, injured rats receiving i.p. injection of saline (9 g/L) in a volume equal to 5% of the body weight at the end of ischemie period; C, controls (uninjured rats).
3 Values are ratios (mol/mol) calculated by dividing the values for each of the six control rats by the means of the control group. 4 Values are ratios (mol/mol) calculated by dividing the estimates for each rat in the groups of injured rats (A and B) by the means of the controls. Statistical analyses was performed using one-way ANOVA followed by the t test. Statistical significance of differences: * P < 0.05 and ** P < 0.001 vs. 0 h; t P < 0.05 and P < 0.001 between Groups A and B. cellular hydration in uninjured musculature during the early period following trauma (Zunic and Savie 1993) . Exposure to the second 20% scald was followed by fur ther reduction of the plasma volume to 3.07 mL. The fact that the lethal outcomes of both the second scald and the tourniquet trauma could be avoided by treat ment of the hypovolemia indicates a causative relation ship between lower plasma volume and the failure of defense mechanisms.
Recovery of the rats exposed to a single scalding was followed by a gradual normalization of the plasma vol ume and a 20% greater size of the free amino acid pool in the liver, whereas the lethal outcome of the second injury was preceded by a still lower plasma volume (Table 1 ) and a 20% reduction of the liver free amino acid pool relative to the control level (Fig. 1) . The data summarized in Figure 2 show that the concentrations of major APP in the plasma of rats exposed to a single 20% scald increased with time after the first 4 h and reached maximal levels by the end of the first day. When a second 20% scald was administered 4 h after the first, the relative concentrations of individual APP at the 12-h point were at or below control levels. In rats treated with saline, in contrast, there was a rapid increase in plasma APP levels (Fig. 2) , resulting from the reactivation of APP synthesis in the liver (Ã¤eval-jevic et al. 1991) and the appearance of the newly syn thesized APP in the circulation (Sevaljevic et al 1989) . The survival of rats that received saline in a volume equal to 5% of body weight 3 h after the second scald or at the end of a 128-min ischemie period was also accompanied by a rapid normalization of both plasma volume (Table 1) and levels of glutamine, alanine and branched-chain amino acids in the uninjured muscle (Zunic and Savie 1993) .
These plasma volume-related changes in the size of the free amino acid pool and in the rate of APP synthe sis in the liver occurred in parallel with alterations in the amount and composition of free amino acids in plasma (Tables 2-4) and uninjured skeletal muscle cells (Table 5) (Zunic 1989; Zunic and Savie 1993) . Dur ing the early post-traumatic period, the plasma glutamic acid, alanine and arginine concentrations de creased, whereas those of glutamine, aspartic acid, histidine, leucine and phenylalanine increased to levels that at the 3-h point were significantly higher than the control values (Table 2) . Although causing no statisti cally significant increase in the level of total amino acids per unit volume of plasma, these changes shifted the concentrations of nonessential amino acids, total Table 2 . EAA = essential amino acids (valine, leucine, isoleucine, phenylalanine, lysine, histidine, arginine, tryptophane, threonine, methionine]; BCAA = branched amino acids (valine, leucine, isoleucine); AAA = aromatic amino acids (phenylalanine, tyrosine); NEAA = nonessential amino acids. Statistical significance of differences: * P < 0.05 and ** P < 0.001 vs. 0 h; t P < 0.05, tt P < 0.001 between Groups A and B.
branched-chain amino acids (valine + leucine + isoleu cine) and total aromatic amino acids (phenylalanine + tyrosine + tryptophan) to levels substantially higher than those of the controls (Table 3 ). The molar ratio of alanine to branched-chain amino acids decreased, which together with an increase in the molar ratio of nonessential to essential amino acids suggests a pro found effect of trauma on the nutritional state of the rats (Oberholzer and Briddon 1990 , Suzic et al. 1992 ). The observed increases in both the molar ratio of phenylalanine to tyrosine [indicating an accelerated rate of net protein catabolism in the periph eral tissues (Wannemacher 1977) ] and the ratio of glutamine to valine [indicating a disturbance in urea cycle activity (Briddon and Oberholzer 1991) ] argue strongly for an influence of trauma on the main metabolic path ways.
A significant post-traumatic decrease of total free amino acids in the circulation was suggested because the 50% reduction in plasma volume (Table 1) was followed by a nonsignificant increase (P = 0.196) in the level of total free amino acids per unit volume of plasma (Table 3) . Indeed, the plasma free amino acid pool at 3 h after trauma was calculated to be 40% lower than that of the controls (Table 4) . Because of a signifi cant increase in the plasma concentrations (//mol/L), the total amounts (nmol/rat) of glutamine, aspartic acid and histidine remained within the control limits, whereas the values for the remaining individual amino acids were 33 to 70% below control levels. The size of the amino acid pool of uninjured skeletal muscle, in contrast, was 10% higher than that of the controls (P < 0.05) ( Table 5 ). The muscle pool was enriched with phenylalanine, tryptophan, histidine, alanine and glu tamine, whereas leucine, isoleucine and arginine were lower. Thus the fall in the plasma volume to half of the control value or less (Table 1) was followed by a 10% increase in the muscle (Table 5) , a 30% reduction in the plasma (Table 4 ) and a 20% decrease in the liver (Fig. 1) free amino acid pools, as well as by a significant decrease in the water content of the uninjured muscu lature (Zunic and Savie 1993) . These findings strongly support Haussinger's hypothesis that cell shrinkage acts as a catabolic and antiproliferative signal ).
An inverse relationship between changes in the muscle and plasma pool sizes became particularly evi dent after the administration of saline, which has been shown to convert a lethal tourniquet trauma (LD.so/48 h) to a nonlethal injury (Savie 1987) . Nor malization of the plasma volume proceeded in paral lel with a 20% decrease in the muscle (Table 5 , col umn B) and a 30% increase in the plasma (Table 4 , column B) free amino acid pools relative to the values obtained for the rats not treated with saline. The ef fect of saline treatment on the size of the muscle pool was even more pronounced at l h after trauma than at 3 h hour (Table 5) . At the 1-h point, the muscle pool of the rats not treated with saline exceeded the size of the control pool by 40%, whereas the corre- Table 2 ) are used for calculation of the amounts present in the whole plasma volume (nmol/rat], which 3 h following tourniquet trauma had fallen from 7.32 mL at 0 h to 3.76 mL in salineuntreated rats and 5.16 mL in saline-treated rats (see Table 1 ). For abbreviation definitions see Table 3 .
2 Values are means Â±SEM,n = 6 per group. A, injured rats untreated with saline; B, injured rats receiving i.p. injection of saline in a volume equal to 5% of the body weight at the end of ischemie period; C, controls (uninjured rats).
â€¢3 Values are means Â±SEMof ratios (mol/mol| calculated by dividing the values for each of the six control rats by the means of the control group.
4 Values are means Â±SEMof ratios (mol/mol| calculated by dividing the estimates for each rat in the groups of injured rats (A and B) by the means of the controls. Statistical significance of differences: * P < 0.05 and ** P < 0.001 vs. 0 h; t P < 0.05 and tt P < 0.001 between injured groups (A and B).
sponding value for saline-treated rats was 30% below that of the controls (Table 5) .
The muscle pool of the rats that did not receive sa line treatment was enriched in glutamine, aspartic acid, alanine and glycine at the expense of the branched-chain amino acids leucine, isoleucine and va line, whereas the corresponding values for the salinetreated rats were within the control limits (Table 5 ). A causal relationship between an increase in glutamine and a decrease in branched-chain amino acids is sug gested by data showing that oxidation of the latter in the skeletal muscle is a process involved in glutamine synthesis (Harper 1986 ). In the view of the fact that the turnover of the muscle protein is influenced by the concentration of glutamine (MacLennan et al. 1987 , Rennie et al. 1986 ), the plasma volume-related changes in the muscle glutamine pool imply a func tional link between plasma volume and muscle protein turnover. The existence of such a link is also consistent with the hypothesis that the hydration status of the cells could influence protein metabolism in the cells . Administra tion of saline prevented a critical reduction of the plasma volume (Table 1 ) and the accompanying accu mulation of glutamine in the muscle pool (Table 5) , and coincided with an increase in the size of the plasma amino acid pool to 82% of the control value (Table 4) and with the reactivation of APP synthesis in the liver (Sevaljevic et al. 1989 and . The total amount of glutamine in the circulation, however, remained simi lar to that observed in the rats not receiving saline (Table 4 ). This could be explained by the prompt deliv ery of glutamine to the liver, where it is extensively utilized in APP (Kushner 1982) , glutathione (Weibourne et al. 1993 ) and nucleotide base (Sevaljevic et al. 1983) syntheses.
Three hours after tourniquet trauma, the muscle amino acid pool was considerably enriched with phenylalanine even if the low plasma volume was not cor rected (Table 5 ). The plasma phenylalanine content Zunic (1989) . For abbreviation definitions see Table 3 .
2 Values are means Â±SEM,n = 6 per group. 3 Values are ratios (mol/mol) calculated by dividing the values for each of the six control rats by the means of the control group. 4 Values are ratios (mol/mol) calculated by dividing the estimates for each of the rats in the groups of injured rats (A and B) by the ipeans of the controls. Statistical significance of differences: * P < 0.05 and " P < 0.001 vs 0 h; t P < 0.05 and tt P < 0.001 between Groups A and B.
(//mol/total volume of plasma), however, was 30% be low the control level unless a critical fall in the plasma volume was prevented by saline injection (Table 4) . Administration of saline led to a preferential normal ization of the plasma phenylalanine content, whereas the total, the nonessential and the branched-chain amino acids were shifted towards the lower limits of the control values (Table 4 , column B). Because of its considerably higher concentration in APP than in mus cle protein, phenylalanine has been used as a marker for calculating the excess amount of muscle protein that has to be catabolized to satisfy the demand for APP synthesis (Reeds et al. 1994) . The amount of mus cle protein satisfying the demand for phenylalanine was calculated and shown to contain a level of nitrogen close to the average daily loss of body nitrogen under inflammatory conditions. A preferential normalization of the plasma phenylalanine level following adminis tration of saline might function to restore the condi tions for APP synthesis. The data discussed here sug gest the existence of a plasma volume-muscle protein turnover-hepatic APP expression axis.
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